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and Probe) mission, organizing the discussion according to the required measurements of chemical
composition, thermal structure, clouds, radiation budget, dynamics, upper atmosphere, and satellite
atmospheres. Progress on the key questions will contribute not only to our knowledge of Jupiter’s
atmosphere but to a general understanding of atmospheric processes which will be valuable for helping us
to understand the atmosphere and climate of the Earth.

Realization of the atmospheric science objectives of the Galileo mission depends upon: (a) coordinated
measurements from the entry probe and the orbiter; (b) global observations; and (c) observations over the
range of time-scales needed to characterize the basic dynamical processes.

1. Introduction

This review describes the objectives of the Galileo mission for improving our under-
standing of the Jovian atmosphere, and the investigations that contribute. The first-order
atmospheric objectives are to determine (1) the chemical composition of the atmosphere,
(2) the thermal structure of the atmosphere, (3) the nature of cloud particles and cloud
layering, (4) the radiative energy balance, and to investigate (5) atmospheric dynamics
and (6) the upper atmosphere. The capability of Galileo to explore the tenuous
atmospheres of the satellites is briefly discussed.

Powerful remote-sensing techniques have been applied to Jupiter’s atmosphere from
Pioneers 10 and 11, Voyagers 1 and 2, and the Earth. Remote sensing will also be carried
out from the Galileo Orbiter, but the truly new aspect is the entry probe, which will make
direct measurements from ~ 10~ 1% bar to 10-20 bars, although only one instrument is
activated prior to the 100 mb level. The entry trajectory is summarized on the tempera-
ture profile in Figure 6. Engineering specifications on the Probe and its experiments
guarantee, insofar as possible, measurements and communications to at least 10 bars.
The designs of the hardware and of the radio link give an expected yield to 20-25 bars.
Most remote measurements from the orbiter will pertain to a rather poorly-defined level
around 600 mb. TableI lists the Probe and relevant Orbiter experiments with their
acronyms. Further details are given in Section 3. Section 2 discusses the current state

TABLE I

Galileo instruments with atmospheric objectives

Instrument® Abbreviation
Atmospheric structure instrument (P) ASI

Neutral mass spectrometer (P) NMS
Helium abundance interferometer (P) HAD or HAI
Nephelometer (P) NEP

Net flux radiometer (P) NFR
Lightning and radio emission detector (P) LRD

Solid state imaging system (O) SS1

Near infrared mapping spectrometer (O) NIMS
Photopolarimeter — radiometer (O) PPR
Ultraviolet spectrometer (QO) UvSs

Radio science (O, P) RS

2 (P): on Probe; (O): on Orbiter.
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of knowledge and the expected contributions of the Galileo mission toward improving
that knowledge; the approach is to focus on major questions, rather than attempt to be
exhaustive.

2. Present Knowledge of Jupiter’s Atmosphere and Key Questions for the Galileo
Mission

2.1. CHEMICAL COMPOSITION

Jupiter’s atmospheric composition and bulk properties (especially the mean density) are
generally consistent with the idea that the overall elemental composition is similar to
that of the Sun. There is a dense core with a mass of some 30 Earth masses, or 10%,
of Jupiter’s mass. Undoubtedly it contains ‘rocky’ materials, chiefly iron and silicates.
The principal remaining substances can be classified as ‘ices” (H,0, NH,, CH,) and
the gases H, and He. If the ices (or even helium) were accreted to the core before the
atmosphere formed, they would remain there because of the large density contrast.
Conversely, as gases or vapors they would remain in the atmosphere if they were present
there originally; only condensed drops or particles can sink at a significant rate. It is
therefore impossible to say a priori what fraction of the vapors would be expected in the
observable atmosphere. The observed amounts of helium, methane, and ammonia are
close to those expected for solar composition; that of water vapor is much lower. It is
conceivable that most of the H,O is gravitationally trapped on or near the core.

Segregation of hydrogen and helium is very unlikely under Jovian conditions. The
escape time for H, molecules from the atmosphere is much longer than the age of the
Universe. Jupiter is expected to be the best place to measure the solar abundance of
helium. Otherwise, the relative proportions of the molecular constituents of Jupiter are
important for establishing conditions at the time of planetary formation, and they
provide a point of comparison with the other planets which is crucial to the task of
unraveling the origin and evolution of the entire planetary system. Molecular
abundances and their variations with altitude are also important for studying Jovian
cloud physics and atmospheric chemistry.

Of necessity, all the existing information on composition is derived from remote
sensing. Analysis of such data typically gives results with small random errors but
unknown systematic errors. With direct sensing these systematic errors can be, and
usually are, included in an overall error estimate. The quoted error numbers may be
similar, or even larger, but they are more realistic. For many substances (particularly
NH; and H,0) the calibration errors may dominate, and are common to all methods.

Available data suggest that hydrogen and helium in Jupiter’s atmosphere are close
to their proportions in the solar atmosphere, where the helium volume fraction
[He]/([H,] + [He])is approximately 0.112 (Ross and Aller, 1976). Analysis of Voyager
infrared spectroscopy in the range 280-600cm™’' yields a volume fraction of
0.11 + 0.03 for He (Hanel et al., 1979a,b; Gautier et al., 1981), in good agreement with
the previous estimate of 0.12 + 0.06 from Pioneer spacecraft observations (Orton and



194 D. M. HUNTEN ET AL.

Ingersoll, 1976). The Saturn value is lower by several percent. The Helium Abundance
Interferometer on the Galileo Probe is expected to obtain the helium volume fraction
with an uncertainty of 0.001 in the 2.5-10 bar region, providing an improvement of
30 times in accuracy compared to the Voyager data. The Probe Neutral Mass
Spectrometer will also measure the helium volume fraction, with an estimated un-
certainly of 0.01, for depths from about 100 mb to at least 10 bars.

The ratio of deuterium to hydrogen is also of cosmogenical significance. Reeves et al.
(1973) argued that ‘big bang’ nucleosynthesis is the only viable production mechanism
and that nuclear burning to produce *He is an efficient loss mechanism; the Jovian D/H
ratio is generally assumed to be indicative of the primordial value (see Gautier and
Owen, 1983a,b). Current estimates of D/H on Jupiter range at least from 1.8 x 103
(Drossart ef al., 1982) to 5.1 + 0.7 x 10~ ° (Trauger ef al., 1977), the former value being
consistent with local interstellar values while the latter suggests substantial enrichment.
The Voyager value is (1.9-4.1) x 10~> (Kunde et al., 1982). The analysis by Bjoraker
et al. (1986a), which combines data from Voyager and airborne instruments (with higher
spectral resolution) gives (1.2 + 0.5) x 10~ 3. This paper contains useful summaries of
earlier work. Measurements by the NMS on the Galileo Probe should resolve the
uncertainty.

Molecular hydrogen exists in two essentially non-interchangeable forms; para-H,
(even rotational levels) and ortho-H, (odd rotational levels). The slow rate of conversion
makes the o/p ratio of interest as a tracer for atmospheric motions. Conrath and
Gierasch (1984) have found from Voyager data large departures from the ratio expected
at the local temperature, implying that the gas at ~200 mb was recently at a much
greater pressure level. The Galileo Photopolarimeter Radiometer (PPR) experiment, as
well as ground-based observations, may be able to pursue this matter.

Methane (CH,) should contain most of the C on Jupiter and thus permit determi-
nation of how the C/H ratio in the atmosphere of Jupiter compares to that in the
atmosphere of the Sun. The most detailed analysis of ground-based observations of both
weak and strong CH, absorption bands in the spectra of solar radiation reflected by
Jupiter yields (1.8 + 0.4) x 10~3 for [CH,]/[H,] (Sato and Hansen, 1979), corre-
sponding to 2.0 + 0.4 times the current estimates for the abundance of C in the
atmosphere of the Sun. Other analyses of CH, bands in reflected solar light have yielded
C/H ratios between 3.2-3.6 times the solar value (Buriez and de Bergh, 1980; Bjoraker
et al. (1986a)) and 2 times the solar value (Encrenaz and Combes, 1982). (The still higher
values discussed by Wallace and Hunten (1978) are a result of a smaller assumed value
for the Sun.) The C/H value derived from observations in the infrared is also twice the
solar value (Gautier et al., 1982). Such variations illustrate the problems inherent in
remote sensing; little progress can be expected until the Galileo NMS makes its direct
measurements. These will serve as reference for the Orbiter and for future Earth-based
measurements, whose usefulness will then be in determination of cloud structure. With
the spectrophotometry of the NIMS experiment and the PPR polarimetry and
photometry, observations in methane bands will allow the Galileo Orbiter to measure
cloud heights (pressure levels) and the vertical structure of cloud layers. The high-resolu-
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tion imaging system (SSI) on the Orbiter also includes two filters in CH, bands; thus,
with the aid of coordinated analyses of the different measurements, it should be possible
to extend some information on vertical cloud structure to the full resolution of the
imaging system.

The N/H ratio and the vertical profile of major nitrogen compounds are also of
fundamental importance. Central to this is the abundance of ammonia (NH;), which
probably exhibits substantial variability throughout the atmosphere of Jupiter because
of such processes as photochemistry in the upper atmosphere, condensation at tempera-
tures below approximately 145 K (Figure 1), dissolution in water clouds at depths of
several bars, and chemical reaction with H,S to form NH,SH. Analysis of weak NH,
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Fig. 1. Temperature structure for the NEB. The solid line represents the temperature profile obtained by

inversion of the Voyager IRIS spectral radiances. The dashed line is an extrapolation from 0.8 bar to deeper

levels along a 2.0 K km ™! adiabat. The theoretical cloud layers of Weidenschilling and Lewis (1973) are
indicated schematically on the left (Kunde et al., 1982).

bands in regions of the spectrum where the Jovian atmosphere is relatively transparent
indicates that the NH; abundance is (2.8 + 1.0) x 10 ~*for [NH,]/[H,] in the 1-3 bar
region just beneath the main visible cloud layer (Sato and Hansen, 1979), corresponding
to 1.5 + 0.5 times current estimates for the solar N/H ratio. From the analysis of
1100-1200cm ' spectra, Knacke eral (1982) find an NH, abundance of
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(3.3 + 1.7) x 10~ * below the 600 mb level. In the Voyager data, the 180-300 cm !
region yields a value within a factor 2 of solar, 1.78 x 10~* (Kunde et al., 1982) or
2.6 x 10~ in the re-analysis of Bjoraker er al. (1986a). At higher levels the depletion
is very large, as clearly seen from the weakness of absorption around 2200 A. At and
below the 3-bar level, the centimeter-band thermal emission indicates an enhancement
over solar by perhaps a factor of 2 (Gulkis and Poynter, 1972) or even more (Marten
et al., 1980). The same opacity, seen as absorption in the Voyager 1 radio occultations,
gives a mole fraction of 2.2 x 10~ * at 1 bar, with rapid falloff to higher altitudes (Lindal
etal., 1981).

The NMS on the Galileo Probe will measure the NH; abundance over the height
range 0.1-10 bars or deeper, unless the ammonia is depleted below the ppm level at the
higher altitudes. The accuracy is likely to be limited by calibration errors to about 10%,.
Orbiter experiments will extend the coverage to the rest of the globe, but in a limited
range of height. The PPR uses the 6450 A band which pertains to pressures around
1 bar, as well as the region beyond 40 pm. The Near-Infrared Mapping Spectrometer
(NIMS) makes use of several bands. The Ultraviolet Spectrometer (UVS) will be
sensitive to NH; at altitudes above the ammonia cloud. Radio Science has the same
potential as on Voyager, but few occultation opportunities will occur because of other
constraints on the orbital geometry.

Water vapor and water clouds offer some of the most puzzling problems. Models of
the origin and of the interior structure suggest that the bulk water content might exceed
the solar value, about 102 or 1000 ppm (e.g., Cameron and Pollack, 1976). Remote
observations are possible only in the special areas (‘hot spots’) that are clear of clouds
to pressures of several bars. Kunde et al. (1982) find mixing ratios of 1 ppm at 2.5 bars
and 30 ppm at 4 bars, each within a factor of 2. Earlier aircraft-based results are
comparable (Larson et al., 1974; Bjoraker et al., 1981), and the combined analysis of
Bjoraker et al. (1986b) gives 4 ppm in the 2—4 bar range, rising to 30 ppm at 6 bars.
These results are not restricted to hot spots. Undoubtedly the hot spots are regions of
subsidence, drier than average, but it is hard to imagine that they could be drier by the
required factor of 30~1000. One of the primary purposes of the probe and some of its
instruments is to resolve these questions by measuring H,O in a region more representa-
trive than a hot spot, and to depths well below the condensation level, shown in Figure 1
as just less than 5 bars. A safety factor of 2 determines the engineering requirement of
10 bars on the Probe mission, and much deeper penetration is desired and expected.

Although a mass spectrometer can readily measure the H,O in its ion source, it is
a difficult problem to assure that this gas has not been altered on its way in, by
adsorption of H,O on the walls of the inlet system. Similar problems arise in laboratory
calibration. Currently it is felt that an absolute accuracy of a factor of 2 is feasible, and
possibly better. An in situ cross check may be available from measurement of the
temperature at the condensation level, making use of the Atmospheric Structure
Instrument and the Nephelometer. Another independent measurement will be made by
the Net Flux Radiometer, one of whose infrared channels is occupied by a strong H,O
band. A large H,O opacity will force the net flux into other wavelength regions and give
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a low reading in this band. Such a measurement is free of sampling errors since it
pertains to the ambient atmosphere.

Remote observation of H,O is at best limited to hot spots, which can be observed
in the 5 pm region; another band, at 2.7 pm, is within the NIMS capability and may
be useful.

Phosphine, PH,, was observed first from Earth, then by Voyager, at 5 and 9 um; the
two bands probe regions around 2 and 0.5 bar. Kunde et al. (1982) summarize these
results (their Figure 17), which indicate a mixing ratio of 0.6 ppm at depth, beginning
a rapid decrease at about 1 bar. The PHj is believed to have been transported rapidly
up from considerable depths, with the fall-off due to photolysis. A coupled treatment
of PH; and NH, gives a reasonable match to the data. The phosphorus thus released
may contribute to the coloration of the clouds. It is possible, therefore, that PH; and
coloration may be anticorrelated, as they are measured by NIMS at 5 ym and in images
and photometry by SSI and PPR. On the Probe, the NMS should be able to measure
PH; by use of its Sample Enrichment System and improve on the absolute accuracy
of the existing remote measurements.

The abundance of sulfur on Jupiter and the vertical profile of sulfur compounds are
also fundamental for understanding the evolution and present state of the atmosphere.
H.S is expected to be the predominant sulfur compound at depth (Lewis, 1969b), but
it has not been observed on Jupiter to date possibly because it is converted to other sulfur
compounds such as NH,HS and precipitated from the upper levels of the atmosphere.
Weidenschilling and Lewis (1973) predicted the existence of such clouds at about the
1.8 bar level (Figure 1), but Sato and Hansen (1979) have shown that this part of the
atmosphere is sufficiently transparent to permit penetration of a substantial amount of
sunlight to depths of at least 3 bars. However, Bezard et al. (1983) conclude that cold
5-um spectra require a moderately thick cloud layer located in the 1- to 4-bar range, and
that the most likely candidate for this cloud constituent is NH,SH. The Probe NMS
should determine the abundance of H,S with a precision of a factor of 2 or better.

Information on other gaseous constituents should be obtained by the NMS. It is
planned to measure peak intensities of all mass numbers in the range 1-150 AMU,
although spending most of the time in the 1-52 range. The nominal dynamic range of
10® will permit measurement of peaks in the amount of 10 to 100 parts per billion, but
the instrument background and overlapping mass spectra may raise the detection
threshold depending on the environment actually encountered in flight.

The IRIS experiment on Voyagers 1 and 2 detected both temporal and spatial
variations of stratospheric hydrocarbon composition based on data between 4 and
55 pm. In particular it found that the ethane/acetylene ratio (C,H/C,H,) increased by
70% in the four months between the two flybys, and that the same ratio was about three
times larger at 60-70° latitude than at low latitudes (Hanel er al., 1979b). The Galileo
Orbiter will have the capability to monitor composition changes over an extended time
period and to observe spatial variations over the planet, which will provide important
constraints on chemical and transport processes. These results may however not extend
to stratospheric heights.
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Occultation measurements from the Galileo orbiter, including occultation of the Sun,
the Earth, the Galilean satellites and bright stars provide opportunities to obtain
compositional information at relatively high altitudes in the Jovian atmosphere. Radio
Science (RS), UVS, NIMS, PPR, and SSI all are capable of employing this technique,
which is based on measurement of absorption of radiation occurring on the long slant
path through the atmosphere at the time of occultation. It should be possible to obtain
an indication of latitudinal variations of composition by observing several occultations.
Longitudinal variations, which are not unlikely for the stratospheric and mesospheric
regions accessible by occultation, can be investigated from the immersion and emersion
results.

2.2. THERMAL STRUCTURE

Mean temperature profile. The first-order question regarding atmospheric temperatures
is the mean vertical profile. Along with the major composition, which is nearly constant,
it determines the structure of the atmosphere, and indeed of the entire planet. Jupiter’s
large internal heat flux ensures that the lapse rate at depth is essentially the adiabatic
value; the entire scale will be determined by the measurements made in the 1-10 bar
region. Nevertheless, small deviations from the adiabat are extremely important as
indicators of the controlling processes, such as local vertical convection or circulations
on a much larger, perhaps even global, scale. The convective-radiative boundary
probably lies near 700 mb; at greater altitudes planetary thermal radiation and solar
heating bring the gradient to zero (the tropopause) and then turn it positive.
Information from Voyager is summarized in Figure 1 which, however, omits the
marked and variable structure seen in radio occultation (Lindal et al., 1981) in the lower
stratosphere. The Atmospheric Structure Instrument (ASI) on the Galileo Probe will
measure the temperature-pressure profile using acceleration, temperature and pressure
sensors. Data will be obtained from about 750 km above the cloud tops to about the
1 bar level with continuous definition, greater accuracy, and much higher vertical
resolution than previous measurements, and the vertical profile will continue downward
to at least the 10 bar level. The Probe will obtain its data at a single location within 5°
of the equator. The Orbiter measurements, which will overlap the Probe measurements
down to almost the 1 bar level, can characterize the site of Probe entry in relation to
other locations. Orbiter measurements of the temperature structure throughout the
Galileo mission will define a more meaningful time mean structure for low latitudes and
for the whole globe if inclined orbits are obtained during an extended mission.
Temperature measurements and inferences from Orbiter instruments are important
for placing the Probe results in a global context, but also have several important roles
of their own to play. The atmospheric temperature, along with the winds and clouds
(with possible accompanying precipitation), define the basic weather and climate of
Jupiter. The temperature profile and the variation of temperature along constant
pressure surfaces are crucial for analyzing the atmospheric general circulation. Tempera-
ture measurement, together with the radiation budget, cloud properties and winds
inferred from high-resolution imaging, are also important for analyzing processes
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occurring in local features such as the Great Red Spot, white ovals, and hot spots,
including the brown ‘barges’. Temperatures can be obtained over longer time-scales than
observed by either Pioneer or Voyager, and profiles can be contemporary with detailed
studies of cloud properties and the radiation budget.

Orbiter measurements of temperature will be obtained from three instruments. The
PPR experiment will use measurements through several filters in the 15100 pm spectral
region to obtain temperature profiles for pressure levels between about 60 and 600 mb
at all locations observable from the orbiter. The NIMS experiment will retrieve
temperatures from its measurements in the 5 pm spectral region. At low latitudes, up
to atleast +30°, there are known to be large 5 um ‘hot spots’, due to local transparency
of the upper clouds, which should permit determination of temperatures in the 1-5 bar
region (Terrile and Westphal, 1977). Finally, occasional occultations of the Earth by
Jupiter will permit the RS experiment to determine temperature profiles for pressure
levels between about 25 and 500 mb, at two locations per occultation event.

Horizontal temperature variations. The Infrared Radiometers on Pioneers 10 and 11
obtained several maps in the spin-scan mode through broad channels centered on 20
and 45 um. In the latitude range 45 N-45 S, they revealed significant temperature
differences between belts and zones and otherwise suggested a relatively small
dependence on latitude within the range sampled (Orton and Ingersoll, 1976).

Horizontal variations of temperature on constant pressure surfaces have been
obtained by the IRIS experiment on Voyager for low- and mid-latitudes between
pressure levels of about 500 and 5mb at two times. The results are valuable for
interpreting the atmospheric dynamics on both the global and local scales (Pirraglia
et al., 1981; Flasar et al., 1981).

Temperatures measured by Voyager in the upper troposphere and lower stratosphere
showed substantial interhemispheric differences, wave-like vertical structure and differ-
ences between the two periods of observation (Hanel ez al., 19792, b). According to one
suggestion (Clark er al., 1979) the interhemispheric differences and wave-like structure
may be due to vertical wave propagation originating from the respective tropopause
regions. A second suggestion (Caldwell ez al., 1979) is that the north—south temperature
asymmetries and vertical structure arise from differences in local solar heating due to
differences in aerosol opacities. Further analysis of aerosol heating (Appleby and
Hogan, 1984) suggests that this may account for the stratospheric thermal structure
shown by radio occultation measurements from Voyager. The measurements of tem-
perature variations from the Galileo Orbiter, together with the measurements of aerosol
properties, aerosol vertical profiles and the radiation budget, will make it possible to
analyze these phenomena.

It will also be important to obtain the horizontal temperature patterns from the
Galileo Orbiter and the ‘ground truth’ from the Probe for use in conjunction with other
data obtained at that time. For example, the Galileo mission will obtain substantially
improved information on cloud properties, vertical cloud layering, vertical wind shear
and radiation budget. In order to take full advantage of these data for interpreting
atmospheric processes it is necessary to have temperature profiles obtained at the same
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time as the other Galileo observations. Because of the limited locations at which
occultation and 5 um temperatures will be obtained, the horizontal temperature distribu-
tions will be primarily those obtained by the PPR, which will be limited to approximately
the 60—-600 mb region.

Finally, the great importance of extending the measurement of horizontal temperature
variations to higher latitudes cannot be overemphasized. The observed cloud patterns
and their motions clearly suggest a change in the dynamical regime polewards of ~45°
latitude. Furthermore, to study the influence of the Coriolis force and its variations on
the general circulation, for example, requires that the measurements extend to high
latitudes where the force is strongest. Neither the Pioneer nor Voyager spacecraft
obtained temperature fields poleward of middle latitudes, and it will not be possible to
make such measurements from the Space Telescope.

Post-Voyager work at the Hawaii IRTF (Infrared Telescope Facility) has discovered
a strong anomaly of thermal emission near the magnetic poles (Caldwell ez al., 1981).
This effect was then also found in the Voyager IRIS spectra of the north polar region
(Kim et al., 1985); it seems to be due to enhanced temperatures in the upper
stratosphere. The location immediately suggests the precipitation of energetic charged
particles, although the required fluxes are formidable. Continued Earth-based studies
are highly desirable.

2.3. CLOUDS, AEROSOLS, LIGHTNING

Jupiter has a variety of cloud forms which provide excellent opportunities for studying
cloud processes including interactions with atmospheric dynamics, radiation and
chemistry. The discussion below includes the large-scale layered clouds, high-level haze
layers, and local clouds associated with features such as the Great Red Spot, white
plumes and brown barges. We also include a discussion of lightning on Jupiter.
Cloud layers. Discussion of vertical cloud layering invariably begins with the
pioneering work of Lewis (1969a). The assumption of thermochemical equilibrium in
an atmosphere of solar composition leads to NH, clouds with their bottom at the level
where T ~ 145 K, NH,SH clouds at T~ 200 K and H,O clouds at T~ 270 K. In
Figure 1, the layers are shown relative to the Voyager IRIS temperature profile.
None of these clouds have been definitely identified on Jupiter. However, there is very
strong circumstantial evidence that at least the white clouds in the zones (relatively
bright latitudinal bands) are ammonia ice. Analysis of visible and near infrared spectral
absorption bands by Sato and Hansen (1979) showed clouds at the appropriate level
(~500-700 mb) and an amount of NH, gas beneath the clouds of solar or slightly
greater abundance. Above the clouds, NH, is substantially depleted consistent with
condensation at the lower temperatures and photolysis in the upper atmosphere. It is
generally assumed that the zones are regions of rising motions which favor condensation
while the belts (relatively dark latitudinal bands) are regions of sinking motions. Thus
Terrile and Westphal (1977) conclude that ammonia clouds exist only in the zones, while
in the belts one sees to a second layer which is presumably Lewis’ NH,SH cloud layer.
This interpretation has the attractive feature of providing a possible explanation for the
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color of the belts (Prinn and Owen, 1976), since solar illumination on solid NH,SH may
be able to produce yellow and brown colors (Lebofsky, 1974).

However, analyses of visible and near-infrared spectra indicate the presence of clouds
in the 500-700 mb range over both the belts and zones, with the clouds over the belts
having a smaller optical thickness and a smaller albedo for single scattering (Sato and
Hansen, 1979). West and Tomasko (1980) have produced a detailed cloud model for
different regions on Jupiter based on near-infrared images within several methane bands
and continuum positions. Their results (Figure 2) also show clouds in both the belts and
zones at levels where ammonia condensation is expected.

Both sets of results must be reconsidered in view of the remeasurement of the
strengths of the H, quadrupole lines 3—0 S(1) and 4-0 S(1) by Bragg et al. (1982). The
new values differ by respective factors of 0.86 and 1.58 from those assumed in the
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for the upper cloud layer are estimates of cloud optical depth (after West and Tomasko, 1980). The models

for the various latitudes were computed relative to an assumed model for the South Tropical Zone which
was found to be consistent with methane absorption data and Pioneer Jupiter photometry.
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analyses of Jupiter. West (private communication) has stated that his H, abundances,
which scale all his other results, depend primarily on the 4-0 line, and should therefore
be reduced by the factor of 1/1.58. His CH, mixing ratio (West, 1979) becomes
1.9 x 103, and the upper cloud is located at 350 mb, with a clear space extending down
to 1.4 bars. Smith and Tomasko (1984) find a similar height for the upper cloud, based
on Pioneer polarimetry. The Sato and Hansen model cannot be adjusted so simply,
because it was fitted to both H, lines. More recent analysis, based on imaging and IRIS
observations from Voyager 1, has been carried out by West e al. (1985).

Sato and Hansen (1979) found that the region beneath the ammonia clouds must be
relatively transparent to a depth of 3-5 bars in order for the amount of absorption in
weak methane and hydrogen lines to be as great as observed. This constraint does not
exclude NH,SH clouds, expected to occur near the 1.8 bar level (Figure 1), but it implies
that they are not optically thick as assumed in early multilayer cloud models for Jupiter.
The requirement of a reflecting level at 3—5 bars is consistent with the expected location
of H,O clouds. However, from an analysis of cold 5-um spectra, Bezard et al. (1983)
find that a moderately thick cloud layer should exist within the 1- to 4-bar range and
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Fig. 3. Flux-frequency histogram of the central portion (¢ > 0.95) of Jupiter at 5 pm (Terrile and Westphal,
1977).
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that NH,SH is the most likely cloud constituent for this layer. Any such layer must be
consistent with Voyager’s ability to obtain images of lightning flashes. As mentioned
above, West’s reconsideration of West and Tomasko (1980) finds that the clear space
extends only down to 1.4 bars. He feels that there is probably a range of fits to the data,
with the end members having a thin upper cloud (optical depth 2) and a lower cloud
top at 1.4 bars, and a thick upper cloud with a deep lower cloud top.

Valuable information on the vertical distribution of cloud layers beneath the ammonia
cloud region comes from observations in the 5-um spectral range (Gillett et al., 1969;
Keay et al., 1973; Westphal et al., 1974 ; Terrile and Westphal, 1977; Terrile et al., 1978,
1979; Kunde et al., 1982). These data show local regions of high 5 pm emission,
suggesting the presence of holes in the upper clouds through which radiation from hotter
levels below can emerge. The zones and Great Red Spot are cold regions, the belts are
warmer, and local features in the equatorial region, identified in visible images with the
blue-grey areas in the North Equatorial Belt, are the hottest.

Figure 3 shows Terrile and Westphal’s (1977) histogram of 5 pm brightness tempera-
tures for an area near the center of the disk including the Equatorial Region and the
North and South Equatorial Belts. The histogram is trimodal with one strong peak and
two weaker ones, which suggests the possibility of emission from different cloud levels
in the atmosphere. The highest brightness temperature obtained (data number ~ 150)
was reported by Terrile and Westpahl to be ~260 K. The corresponding temperatures
of the three peaks are ~250, 225 and 200 K. However, the observed 5-um limb
darkening suggests that it is necessary to account for absorption and re-emission above
the radiating levels. Terrile (1978) did this and obtained the temperatures of the three
radiating levels as 292, 225, and ~ 140 K. These results depend upon assumptions about
the presence or absence of different cloud layers. More recent work has shown that the
ammonia cloud is almost transparent at 5 pm and there is no probler in detecting ‘hot
spots’ through it (West and Tomasko, 1980; Orton ef al., 1982; Bezard et al., 1983;
Smith and Tomasko, 1984).

The Galileo Probe is well instrumented to measure the properties of the clouds it
passes through. The primary instrument is the Nephelometer (NEP) which will measure
bulk scattering at five angles. The results include not only optical depth as a function
of pressure, but also the size distribution and optical properties of the particles. A
different view of location and attenuation is provided by the Net Flux Radiometer
(NFR). As mentioned in the previous section, compositional information will be
obtained by measuring the vapors with the NMS, and from the location of the clouds
on the temperature profile determined by the ASI.

It is in the area of cloud science that the synergism of Probe and Orbiter experiments
is strongest. As both vehicles approach the planet, the entry site will be studied each
time it rotates under the Orbiter. At this time, as well as later in the mission, accurate
measurements of emitting temperatures in the 5-um region by NIMS will be a valuable
aid for understanding the cloud structure, particularly when obtained with SSI high
resolution images and PPR polarization measurements of the cloudtop pressure for the
upper cloud. NIMS, PPR, and SSI multiband photometry will provide additional
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constraints on the vertical cloud structure beneath the upper cloud layer. Taken together,
these measurements should provide a good indication of cloud layering down to depths
of a few bars. The probe observations can provide ‘ground-truth’ required to verify
inversion procedures for Orbiter data, making it possible to extend Probe observations
to other regions with confidence.

All of the major cloud layers predicted for Jupiter (NH, , NH,SH, H,0) are normally
white, i.e., nonabsorbing in the visible spectrum. Thus a key question about the clouds
of Jupiter is the source of cloud coloration. A prime candidate is sulfur (e.g., Sg) or sulfur
compounds [e.g., (NH,), S, or H,S ] as suggested by Lewis and Prinn (1970, 1971).
Red phosphorus (P,), suggested by Prinn and Lewis (1975) as the cause of the Red
Spot’s color (see below), and phosphorus compounds could also be involved. Other
suggestions including organic substances are discussed by Sill (1976) and Prinn and
Owen (1976).

Identification of the composition of the upper cloud layer in the region of Probe entry
is highly probable, with mass spectrometer data (NMS), cloud temperatures (ASI), and
cloud particle sizes and number densities (NEP) from the Probe, together with
information on the cloud particle size, shape and refractive index from photopolarimetry
(PPR), large-scale cloud morphology from high-resolution imaging (SSI), and infrared
(NIMS), and ultraviolet (UVS) spectral properties from the Orbiter. The Probe and
Orbiter will provide complementary information and valuable cross-checks. Such
information will be critical for evaluation of temperature and compositional profiles for
the upper troposphere from the PPR and NIMS experiments (Orton et al., 1982).
Extension of cloud identification to other regions on the planet by the Orbiter and to
substantial depths by the Probe will depend upon the nature of the circumstances
encountered, but chances of success will be improved by a good overlap of Probe and
Orbiter data.

High haze layers. A large number of different observations have indicated the existence
of haze layers in the Jupiter atmosphere above the main visible cloud deck. Haze exists
over alarge range of altitudes in the upper troposphere and throughout the stratosphere.
There is also evidence that the haze properties differ from one location on the planet
to another and that they change with time.

The existence of stratospheric haze is indicated by slant path observations during lunar
eclipses (Smith et al., 1977) and stellar occultations (Cook et al., 1979a, b). It is also
evident by its strong effect in reducing the albedo of the planet in the blue and ultraviolet
(Axel, 1972). The optical thickness of haze above the tropopause (P ~ 100 mb) is
apparently small, of the order of a few hundredths. It is nevertheless significant for local
radiative heating, and there may be substantial variations in its opacity with latitude and
time (Caldwell et al., 1979; West et al., 1981). Images within and outside of a methane
band (Owen, 1969; West, 1979) indicate the presence of a polar-cap haze, which varies
with time. A pole-to-pole photometric scan at ~ 240 nm from Voyager 2 also suggested
the presence of stratospheric absorption, either molecular or particulate (Hord et al.,
1979; West et al., 1981). Analysis of Pioneer polarization data by Smith and Tomasko
(1984) confirms most of these results, suggesting an optical depth of a few tenths at an
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effective level around 100 mb. Information on the haze particle physical properties, the
vertical and horizontal haze distribution and the nature of its temporal variations may
help identify the source of the haze and determine its role in stratospheric heating and
dynamics. The heating has most recently been studied by Appleby and Hogan (1984),
who confirm that it must be included to obtain a good match with the structure seen
in Voyager radio occultations.

There is a substantial fropospheric haze above the main ammonia cloud region
(500-700 mb). Figure 4 shows cloudtop altitudes deducted by Coffeen (1974) for
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Fig. 4. Jupiter cloudtop altitudes (above the 650 mb level) based on the assumption of Rayleigh scattering
above a Lambert surface. (Coffeen, 1974).

different regions on Jupiter from a Pioneer 10 North-South polarization scan; these
altitudes were obtained on the assumption of pure Rayleigh scattering above a
Lambertian reflector. They should thus be interpreted as an approximate indication of
the level at which an aerosol optical depth of unity is reached, which is influenced both
by real cloud height variations and the amount of diffuse haze in the upper troposphere.
One plausible interpretation of the slightly higher altitudes for the zones in Figure 4 is
that these regions contain ammonia cirrus layers; this would be consistent with the
relative whiteness of the zones. So far there is little quantitative data available with
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which to judge the physical properties of the haze particles on Jupiter. Perhaps the most
promising source is Pioneer 10 and 11 polarimetry, which indicates, for example, that
the aerosols in the upper troposphere in the SEB are about 0.2 um in radius (Stoll and
Tomasko, 1979).

The Galileo mission will obtain information on the tropospheric haze from both the
Probe and Orbiter and on the stratospheric haze from the Orbiter. The Probe
Nephelometer measurements of aerosol size and optical thickness will begin at about
the 100 mb level. The Net Flux Radiometer will provide information on the aerosol
absorption properties and the Neutral Mass Spectrometer will yield information related
to the aerosol chemical composition. For the same reasons as discussed for the cloud
layers, it will be important to have simultaneous Orbiter measurements of the probe
entry site. Cross-calibration with the Probe and extension of aerosol data to the global
scale can be performed well by the Orbiter because the region ~ 100—-500 mb can be
probed readily with the same optical measurements discussed above for the clouds.
Satellite and stellar occultation measurements can also be made to determine aerosol
layering in the stratosphere. '

Local cloud features. Features such as the Great Red Spot, white ovals, brown barges,
and white plumes are of special interest because they may be able to tell us a good deal
about the atmospheric dynamics, cloud physics, and composition, possibly including
information on levels of the atmosphere which would otherwise be difficult to observe.
The Red Spot, for example, may involve convection which brings up materials from
depth which are far out of local thermochemical equilibrium. The equatorial plumes may
be a special type of convective activity (Hunt ez al., 1981).

Such local features can only be investigated by the Orbiter. The primary measure-
ments will be those discussed above for the SSI, PPR, NIMS, and UVS instruments.
In addition to the several different measurements providing information on the cloud
and haze properties, the determination of temperature profiles and horizontal variations
of temperature by PPR and NIMS will be particularly useful for studies of processes.
Rapid sequences of high-resolution images by SSI will permit determination of
atmospheric winds and their shear, while the PPR will measure the radiation from the
features in comparison with surrounding areas.

Lightning. Most lighting on Earth is produced by the charge generated and separated
by cumulonimbus clouds, which are ice-water convective clouds initiated by vertical
moist static instability. As the moist air rises and cools, condensation, and ultimately
precipitation, occur. The collisions between water and ice leave some particles charged
positively, some negatively. It is thought that the positive charges are predominantly on
the smaller particles which are preferentially raised aloft by vertical convective motion,
~ with heavier, negatively charged particles precipitating. Most lightning discharges in the
Earth’s atmosphere occur within a cloud cell (intracloud lightning) and neutralize tens
of coulombs of charge (e.g., Uman, 1969).

The cloud model of Lewis (cf. Figure 1), with water ice and liquid water layers,
suggests that a similar dynamic regime can exist within the Jovian cloud system (e.g.,
reviews by Rinnert, 1983; Williams ez al., 1983). The detection of lightning on Jupiter
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by the Voyager spacecraft (Smith e al., 1979a; Cook et al., 1979b, Gurnett et al., 1979)
supports this hypothesis. The fact that an atmospheric level is capable of producing the
violent conditions believed to be a necessary pre-requisite for lightning has implications
for the vertical static stability and large-scale atmospheric dynamics at these levels.
Observations from Galileo can determine the frequency and global distribution of
lightning on Jupiter and the typical sizes of the storms. If such storms on Jupiter are
analogous to those on Earth, this type of information could indicate the conditional
stability or instability of the cloud regions, regions of large-scale convergence and
divergence, and the time- and length-scales associated with the cloud dynamics in the
region where the lightning originates. It will be particularly interesting to compare
different atmospheric regions (belts, zones, spots) and to study the time variations of
lightning statistics in each region and their relationships to observed changes in
atmosphere dynamics, cloud properties, and radiation budget.

The primary experiments on Galileo for measuring lightning are the Lightning and
Radio Emission Detector (LRD) on the Probe and the imaging system (SSI) on the
Orbiter, which are complementary. The LRD measurements will be able to verify the
existence of lightning and measure its intensity, flashing rate, and radio emission, at a
range up to about 10* km (Rinnert et al., 1981, 1984; Lanzerotti et al., 1983). The LRD
data will be obtained during the entire Probe descent, including inside and below dense
cloud systems where Orbiter imaging will not be possible. Cloud images from the Orbiter
will relate the probe entry region conditions to the global situation. Images of lightning
from the dark side of the planet in combination with the measurements by the LRD will
allow inference of the global lightning distribution.

2.4. RADIATION BUDGET

Radiation budget information is fundamental to understanding Jupiter’s internal
structure, atmospheric dynamics and vertical atmospheric structure. The following
discussion is organized into sections on the global radiation budget (i.e., magnitude of
internal energy source), meridional and local radiation balance and vertical profile of
radiative heating and cooling.

Internal energy source. The magnitude of Jupiter’s internal heat source constrains
models of the internal structure of Jupiter (Cameron and Pollack, 1976) and its
evolution. Furthermore, Stone (1972) and Gierasch (1976) have shown that the
atmospheric dynamical regime is crucially dependent on the magnitude of the internal
heat source.

Recent estimates of the ratio of emitted flux to absorbed flux range from 1.67 to 2.5
(Tomasko et al., 1974, 1978; Ingersoll et al., 1976). The Voyager value 1.67 (Hanel et al.,
1981) is the lowest. However, the actual value may lie outside that range, since true
radiation budget measurements of Jupiter have not been made. Determination of the
radiation budget requires knowledge of the outgoing reflected solar and emitted thermal
radiation in all directions integrated over all wavelengths. Measurements to date have
been near the equatorial plane except for Pioneer 11. The two Pioneers had only two
narrow-band solar channels (at about 0.45 and 0.65 um) and two broader thermal
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channels (at about 20 and 45 pm), and since the thermal instrument was not pointable,
maps of the planet were obtained from only two directions. Voyager carried a radiometer
covering the 0.4-2 ym range and a far-infrared interferometer covering 4-50 um;
however, the data were all obtained from near the equatorial plane.

The Pioneer thermal measurements showed little variation with latitude, leading
Ingersoll and Porco (1978) to suggest that internal heat flow may be distributed with
latitude so as to make the sum of absorbed solar energy and internal heat flow
independent of latitude. This would require the total planetary thermal emission to be
at least 4/% (~1.3) times the total solar absorption, for latitude-independent Bond
albedo. However, with the angular and spectral limitations of the Pioneer radiation
budget data, the speculations derived from it are very tentative.

While the Galileo instruments offer more complete spectral coverage than Voyager,
its primary mission in the equatorial plane cannot improve the latitude coverage. In
principle an extended mission may offer the ability to transfer to a higher inclination.

Meridional and local radiation budget. The latitudinal variation of the radiation budget
is a fundamental diagnostic for the meridional transports of energy by a planet. On the
Earth, high accuracy (~ 5%, ) radiation budget data provide the best information we have
on ocean heat transport (Oort and Vonder Haar, 1976); poleward transport is obtained
as the difference between the radiation budget and the atmospheric transport, the latter
calculated from observed temperatures and winds. A similar procedure has been used
on Jupiter to obtain the latitudinal variation of the internal heat source at a level just
below the region of solar energy deposition (Ingersoll and Porco, 1978).

Key questions related to the meridional and local radiation budget are: How do the
solar heating and net radiative heating vary horizontally ? Does the thermal emission
vary with latitude ? Do horizontal variations of solar radiation absorbed by stratospheric
aerosols give rise to horizontal temperature gradients which contribute to stratospheric
dynamics ? Do belt-zone heating contrasts contribute a dynamical drive which feeds
back on the belt-zone structure ? What causes the belts and zones (cf. Section 2.5)? The
local radiation budget will provide an important diagnostic for the latter problem, since
it will suggest whether or not there is an energy exchange between the belts and zones.
Similarly, in analyzing a regional phenomenon such as the Great Red Spot it will be
important to know whether that region is a relative source or sink of energy. In addition,
knowledge of the vertical profiles of radiative heating at different locations can be
obtained (see below) if the atmospheric composition and cloud properties are known
at each location.

All comments about the Galileo mission’s ability to obtain global radiation budget
measurements are also applicable to meridional and local radiation budget measure-
ments.

Vertical profile of radiative heating. Absorbed solar radiation and the flux of energy
from the planet’s interior are the main sources of energy for the dynamics of Jupiter’s
atmosphere. Knowledge of the vertical profile of solar energy deposition in the
atmosphere, the vertical profile of net radiative heating/cooling, and horizontal vari-
ations of these profiles are needed for analyzing both local convective processes,
including lightning, and the large scale dynamics.
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One question is the level below which radiative transfer is unable to carry the vertical
energy flux being transported by the atmosphere. If the vertical profile of solar energy
deposition and the atmospheric composition are known, the answer to this question can
be readily computed with a one-dimensional radiative-convective model. The greatest
uncertainty in current estimates for the vertical profile of solar energy deposition is due
to our ignorance of the levels at which the continuum absorption occurs. Additional
uncertainty stems from the lack of detailed knowledge of the vertical distribution of
clouds and aerosols.

Observations of the vertical profiles of solar heating and net radiative heating will be
obtained by the Net Flux Radiometer (NFR) on the Probe. Since the Probe will begin
measurements at about the 100 mb level, measurements of the same region from the
Orbiter are required for extension to the top of the atmosphere (Lacis and Hansen,
1974). To accomplish this the PPR radiation budget channels (total reflected solar and
total emitted thermal) are the same as the NFR channels, and the primary PPR
photopolarimetry band for analyzing cloud properties is located at 0.95 pm, close to the
wavelength used by the NEP. The PPR measurements of radiative fluxes, vertical
aerosol distribution, and aerosol sizes for the region above Probe operation will provide
the radiative boundary conditions (angular and spectral distributions of the radiation)
at the level where NFR measurements begin. With this support from the Orbiter, the
Probe is expected to provide accurate radiative heating profiles and their correlation
with cloud properties from the top of the atmosphere to a depth of several bars.

With the aid of the Probe results, the Orbiter observations can extend radiative
heating determinations to other locations on the planet. For altitudes above approxi-
mately the 1 bar level, it should be possible to obtain reasonably accurate estimates of
the radiative heating and cooling profiles from the Orbiter measurements of radiation
budget, temperature profile, and cloud properties. However, in order for this procedure
to be accurate and reliable, it is important for it to be tested and calibrated at the region
of Probe entry. This reemphasizes the value of simultaneous Probe and Orbiter
measurements. A gap in Galileo’s wavelength coverage is the 7.8 um band of methane,
useful for sounding the stratosphere. A supplementary ground-based program will be
valuable here.

2.5. DYNAMICS

Present observations of the atmospheric dynamics of Jupiter continue to pose a
formidable challenge to theoretical understanding. The dominant global features of the
atmospheric circulation include the strongly super-rotating equatorial current and at
higher latitudes the axisymmetric and long-lived pattern of alternating westward and
eastward jet streams. Smaller centers of motion include the Great Red Spot, the white
ovals, and brown barges. The equatorial plumes and other periodic features at smaller
scales suggest the presence of atmospheric wave activity. Turbulent convection is
believed to be a pervasive feature of the atmospheric background at still smaller
dimensions and is probably important for cloud electrification. A schematic summary
of the range of space- and time-scales associated with various dynamical regimes is
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Fig. 5. Dynamical regimes on Jupiter (Allison and Gierasch, 1984).

indicated in Figure 5 (after Allison and Gierasch, 1984). Pre-Voyager assessments of
Jupiter’s dynamic meteorology are given by Stone (1976) and Ingersoll (1976).

The Voyager reconnaissance of Jupiter has added greatly to our knowledge of
atmospheric motions at cloud level and the thermal fields aloft. Zonal velocities and a
tentative assessment of eddy motion fields have been derived from cloud-tracked wind
measurements between latitudes of + 60 deg (Ingersoll ez al., 1981; Limaye ez al., 1982).
The thermal wind analysis of Voyager IRIS data indicate a strong correlation between
zonal motions and upper tropospheric temperatures in the sense required for a reduction
of the strength of the jets with height (Pirraglia et al., 1981). Recent analysis of the IRIS
data indicates the disequilibrium of the ortho- and para-hydrogen states in Jupiter’s
upper troposphere and may suggest important modulations of the buoyancy contrasts
at this level (Conrath and Gierasch, 1984).

The character of Jupiter’s zonal flow at depth and its energetic drive remain
inaccessible to observation, however. Two extreme theoretical pictures of the zonal flow
are currently under investigation. In one view the axisymmetric pattern of alternating
eastward and westward jet streams are the effect of counter-rotating cylinders of motion,
concentric with the planetary spin-axis, and extending throughout the bulk of the interior
molecular-hydrogen envelope (e.g., Ingersoll and Pollard, 1982; Busse, 1983). In the
other view the zonal flow is confined to a thin shell in the vicinity of the cloud layers,
with geostrophic winds balanced by thermal contrasts (e.g., Allison and Gierasch, 1982;
Gierasch, 1983). Both pictures of the dynamics thus far lack a complete theory which
can satisfactorily account for all the observations. Fundamental uncertainties include
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the nature of zonal flow instabilities (e.g., Conrath efal, 1981) and the nonlinear
exchange between waves and mean flow suggested by numerical models (Williams,
1978, 1979).

Progress in resolving these problems will require a better knowledge of the three-
dimensiona! wind and temperature fields, and some determination of the thermo-
dynamic effects of cloud condensation and other phase changes such as the ortho- to
para-conversion of hydrogen. Observations of atmospheric waves and other synoptic
scale features will bear upon important parts of the problem and may offer an indirect
means of diagnosing the stratification and eddy exchanges which determine the global
dynamics (cf. Allison, 1983).

A prime atmospheric dynamics objective of the Galileo mission is to explore the
vertical dimension by means of Probe measurements at a single point and Orbiter
measurements employing the spectral capabilities of several remote sensing instruments.
The Probe will obtain the temperature profile to a depth of at least 10 bars, as well as
the composition, cloud structure and radiation balance measurements described in other
sections of this paper. The Orbiter will measure the temperature profile, as well as cloud
and radiative properties, at many different locations including the entry Probe region,
but with less resolution and not to as great a depth as the Probe. It may also be possible
to assess the ortho-para fraction of hydrogen at selected locations from the infrared
sounding channels of PPR, or from the Earth. Valuable information on the vertical
variation of horizontal wind speed at one location will be obtained by Doppler shift
tracking of the Probe’s descent, and at other locations by the vertieal discrimination
provided by the spectral pass-bands of SSI, the polarimetry and methane-band photo-
metry of PPR, and the near-infrared measurements of NIMS. Measurements of the
Probe entry region by the Orbiter will provide an important in situ verification of remote
sensing capabilities. The continued reconnaissance of the atmosphere by the Orbiter
instruments will then provide the spatial coverage and long time base essential for the
diagnostic analysis of global dynamical regimes (cf. Figure 5).

The concerted analysis of the Galileo measurements will address several key
questions concerning the atmospheric dynamics. How do stratospheric dynamics
couple to the troposphere? What are the correlations between temperature, cloud
variations, ortho-para fraction, and dynamics? To what extent are the heat and
momentum balances controlled by wave dynamics ? How are the large-scale vorticity-
conserving motions coupled to small scale convection ?

The Galileo reconnaissance of Jupiter's atmosphere can be usefully supported by
Space Telescope imaging with sufficient spatial resolution to assist in target identifi-
cation, navigational pointing assessment, and eddy-mean flow analysis on a global scale
over a long time base. Ground-based imaging and infrared measurements in the 5 um
region will provide additional mission support.
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2.6. UPPER ATMOSPHERE, IONOSPHERE, MAGNETOSPHERE-ATMOSPHERE INTER-
ACTION

Current knowledge. The albedo of Jupiter at Lyman-alpha (1216 A) has been measured
several times, using the Copernicus and IUE satellites and the Pioneer 10 and Voyager
flybys. Since the polyatomic molecule CH, absorbs strongly at 122 nm, solar Lyman-
alpha is absorbed below the homopause. Above the homopause these heavy molecules
rapidly disappear and the solar Lyman-alpha photons are scattered by the ambient
atomic hydrogen. The abundance of this gas depends on the column rate of dissociation
of H, (which is closely related to ionization and the subsequent recombination of
H-bearing ions) and the strength of vertical mixing. Estimates of K, the vertical eddy
mixing coefficient, derived from albedo measurements, range from 3 x 107 cm?s ™!
(Pioneer 10) to 1 x 10 (Voyager). However, these estimates ignore the contribution of
auroral processes to the dissociation of H,. It is possible that the Pioneer Lyman-alpha
brightness, obtained when the Jovian magnetosphere was apparently ‘quiet’, is closer
to the true value than the larger values obtained when the auroral contribution
overwhelmed the dissociation due to solar EUV.

" Radio occultation measurements of the ionospheric electron density profiles have
been performed by the Pioneer and Voyager flybys. The profiles are consistent with high
exospheric temperatures of order 1000 K, far above the pre-Pioneer estimates of
100-200 K. The theoretical interpretation of the profiles is incomplete. Because the ion
H, recombines very slowly, minor constituents that react with H;” can profoundly
affect the profiles, especially at lower altitudes; the overall profile also depends on the
rate of ionization and depth of penetration of auroral particle streams. The Voyager
occultation experiment also indicates that the ionization in the auroral zones is very
inhomogeneous, as on Earth.

The highest-quality data on the upper atmosphere available to date came from the
Voyager UVS experiments (Broadfoot et al., 1981). These data have been used to detect
and measure the spatial variation of the Lyman-alpha line of atomic hydrogen and the
Lyman and Werner bands of H,. In addition, some unidentified features exist in the
vacuum UV spectra, notably at 157 nm. Helium is seen at 58 nm. Auroral zones near
both poles have been observed in all the hydrogen emissions; the equatorward
boundaries of these zones coincide with the locus of the feet of the magnetic field lines
that intersect the Io torus. Precipitated fluxes of order 70 erg cm =2 s ! (comparable to
an IBC I1I aurora on Earth) are deduced from the emission intensities. The day airglow
also contains all three emissions, but their intensities are far in excess of what could be
produced by solar EUV alone; a widespread precipitated flux of ~5ergem~=2s7!is
indicated (compared to the solar EUV flux of less than 0.2 erg cm =2 s ~ !). Mysteriously,
the emissions from H, disappear on the night side (flux less than 1 ergem=2s™1),
although a weak Lyman-alpha emission remains. These charged-particle fluxes may be
the dominant heat sources for the dayside and polar thermosphere.

In addition to these measurements of atmospheric emissions, the Voyager 1 UVS
obtained a solar occultation, and Voyager 2 a stellar occultation (McConnell et al.,
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1982). The principal result is that the ionospheric peak observed in the radio experiment
is 1000 km higher than the level computed from the observed neutral densities. Rapid
upward transport of ions and electrons is the suggested explanation.

Galileo will carry a UVS optimized for longer wavelengths, 120—430 nm instead of
55-150 nm. In most of the overlap region the sensitivity of Galileo is much higher. The
Galileo spacecraft will undergo a limited number of occultations as seen from Earth,
which will allow the first two-frequency measurements of the neutral atmosphere and
ionosphere. In addition, other plasma wave phenomena, such as whistlers, can be
monitored by Galileo to provide information on the ionosphere.

A sounding of the upper atmosphere will be made by the Probe Atmosphere Structure
Instrument (ASI), which has an estimated density threshold at 10~ '* g cm =3, This
threshold is expected to be crossed ~ 750 km above the 1 bar level. Below this altitude,
profiles of pressure, density, and temperature will be measured and derived from the
data, continuously to the end of the Probe mission at 10 to 20 bars. The Probe traverse
of the upper atmosphere is expected to define the state properties far more completely
and accurately than they have been previously known.

The major tasks for Galileo will be to determine the state of Jupiter’s upper
atmosphere and its coupling to the magnetosphere in 1996 and to compare this with
information from Voyager in 1979, Pioneer in 1974, and from Earth-orbit experiments.
The specific parameters to be determined are: the location of the hompause; the
importance of minor constituents in the Jower ionosphere; the exospheric temperature;
the morphology, particle energy, and energy fluxes of the auroral zones; the morphology
and energy fluxes of ‘non-auroral’ precipitation; the degree and nature of day—night
anisotropies; and the existence and interpretation of auroral and non-auroral emissions
at wavelengths up to 430 nm. Of particular importance is the interpretation of the
upper-atmospheric emissions in terms of magnetospheric interactions, especially the
puzzle of the seeming confinement of precipitation to the day side.

2.7. SATELLITE ATMOSPHERES

Io has enough atmosphere to support the ionospheres detected at both limbs by
Pioneer 10 (Kliore et al., 1975). Absorption by SO, was detected by the Voyager IRIS
(Pearl et al., 1979). There is, however, a large uncertainty in the pressure, since the
Voyager observation (and perhaps also Pioneer) may have included gas in an erupting
plume. The points of view are summarized by Kumar and Hunten (1982) and Fanale
et al. (1982). Surface pressures on the day side are probably 103 to 10~ 3 microbar.
There should also be O, of photochemical origin (Kumar, 1982), but the amount is very
uncertain.

Io’s plasma torus is discussed at length in the accompanying article on the
magnetosphere (Frank eral, 1987). Its composition, mainly ions of S and O,
undoubtedly reflects the composition of Io’s atmosphere. These ions radiate intensely
in the far ultraviolet and were studied in detail by the Voyager UVS. No emissions from
Io itself were detected, partly because of masking by the torus emissions, and partly
because interference from the radiation belt prevented the instrument from being
operated near Jo. Neutral Na and K have also been detected from Earth.
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The Galileo UVS, though operating at longer wavelengths, should still be able to
observe the torus. Observations of Io’s atmosphere will suffer the same problems as
Voyager, but if successful should be very informative. In addition, a strong O, emission
at 1.27 um may be detectable by NIMS.

The other three Galilean satellites should all have small quantities of H,O vapor and
larger amounts of O, derived by photochemistry (Yung and McElroy, 1977; Kumar and
Hunten, 1982). Some upper limits were set by the Voyager UVS (Broadfoot et al., 1981),
but considerably better sensitivity should be possible with the Galileo instrument. Again,
the infrared O, band will be sought by NIMS.

3. Galileo Atmospheric Experiments and Studies

The purpose of this section is to describe the observations and studies which are planned
from the Galileo Orbiter and Probe in sufficient detail to indicate their capability for
satisfying the Galileo atmospheric science objectives.

3.1. PROBE INVESTIGATIONS

All six scientific instruments on the Probe have as their objectives study of the Jupiter
atmosphere beginning at about 100 mb and extending to at least 10 bars depth. There
is a high probability of successful operation to about 16 bars, reached some 48 min after
passing the 0.1 bar level. Operation may be extendable to 60 min, i.e., to about 19 bars,
depending on Orbiter requirements and the actual performance of the relay link from
Probe to Orbiter. The parameters of the Probe science instruments are summarized in
Table II.

TABLE 11

Probe science instruments

Instrument Mass (kg) Power (W) Volume (L) Bit rate (b/s)
Atmosphere structure (ASI) 4.0 6.3 31 18
Nephelometer (NEP) 4.8 13.5 4.6 10
Helivm abundance (HAD) 1.4 1.1 23 4
Net flux radiometer (NRF) 3.0 10.0 4.6 16
Neutral mass spectrometer (NMS) 12.3 29.3 8.6 32
Lightning and RF emissions/ 2.5 2.3 2.9 8
Energetic particles (LRD/EPI)
Totals 28.0 62.5 26.1 88

Three different atmospheric regimes are experienced by the Probe and its scientific
instruments: pre-entry, entry and descent. Figure 6 defines these regimes superposed on
amodel atmospheric temperature-pressure profile. The Probe system turns on automati-
cally during the pre-entry phase at about 8 R, or about 6 hr before entry, defined to be
450 km altitude (about 5 x 10~ 8 bar). During the pre-entry phase:
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Fig. 6. Galileo Probe entry profile. ‘ASI” is the Atmospheric Structure Instrument.

— The LRD makes observations at 4, 3, 2, 1 R;.

— The EPI subsystem of LRD makes observations in the altitude range 4 R; to
0.1R,.

— The ASI makes acceleration observations at altitudes below about 750 K
(3 x 10~ '° bar).

— The ASI and NEP make calibration runs.

— All data from the above are stored for relay to the Orbiter, thence to Earth during
the descent phase.

During the 2 min entry phase from 5 x 10~ 2 bar to 0.1 bar, the only observations are
of acceleration by the ASI, the data again being stored. During the descent phase all
experiments, except EPI, are operational. The descent data are relayed to the Orbiter
in real time, interleaved with the stored data from the pre-entry and entry regimes.

3.1.1. Atmospheric Structure Instrument (ASI)

PI: A. Seiff, D. B. Kirk, R. E. Young, S. C. Sommer, J. Mihalov (all at Ames Research
Center), G. Schubert (Univ. of California at Los Angeles), R. C. Blanchard (Langley
Research Center). Objectives: determine vertical profiles of state properties (tempera-
ture, pressure, density) from about 750 km altitude down to at least 10 bars. Ancillary
objectives include: define temperature-pressure levels at which clouds form and provide
diagnostics of phase change or chemical processes; test radiative balance measurements
and models; define regions of adiabatic (convective) and sub-adiabatic (stable) lapse
rates; define vertical flow velocities in regions of vigorous convective motion; detect
turbulent fluctuations in temperature and atmospheric velocity; determine atmospheric
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wave structures; determine mean molecular weight in regions of stable lapse rate and
deep atmosphere.

Instrument: acceleration, temperature, and pressure sensors and associated elec-
tronics. Three-axis accelerometer (2 axial sensors, 2 lateral axis sensors), mounted near
the center of gravity within the Probe, has four ranges: 0.0125, 0.4, 6.4, 410 g, full scale.
The temperature sensor is a dual platinum resistance thermometer mounted outside the
Probe during descent in a region of high relative flow velocity. The sensor has a high
heat-transfer coefficient and low thermal inertia so that it is well coupled to the
atmosphere. The three pressure sensors sample pitot or total pressure outside the probe
boundary layer during descent. Pressure is sensed from deflection of a thin stainless steel
diaphragm which changes reluctance in a magnetic circuit. The pressure ranges of the
three sensors are (0.5, 4, and 28 bars. The ASI parameters are summarized in Table III.

TABLE III
Atmosphere structure instrument
(ASI)

Parameter summary
- Typical altitude resolution 0.1 km
— Altitude difference accuracy ~1%
— Pressure accuracy ~1% of measured pressure
— Pressure dynamic range 0.1 to 28 bars
— Pressure resolution 0.19%, of full scale on each range
— Temperature range 0 to 500 K
— Temperature accuracy ~1K
~ Temperature resolution 0.12 K (12 bit A/D conversion)
— Response times T, 16 ms ~ 5 ms, T, 0.3 ms ~ 0.88 ms (Deployment to 16 bars)
— Vertical flow velocities, threshold ~1lms~!
-~ Acceleration dynamic range 3x107%to 4 x 10% gg
— Acceleration accuracy within ~ 100 ppm

3.1.2. Neutral Mass Spectrometer (NMS)

P.I.: H.B. Niemann, R. E. Hartle, N. W. Spencer (all at Goddard Space Flight Center),
S. K. Atreya, T. M. Donahue, G. R. Carignan (all at University of Michigan), D. M.
Hunten (University of Arizona), and T. C. Owen (State University of New York).
Objectives: determine abundances and isotope ratios of major (i.e., mixing ratio to
hydrogen greater than about 10~ 7) atmospheric constituents, as a function of altitude.
Participate in cloud physics studies by providing abundance profiles for NH;, H,O,
H,S to aid in identification, location, and state of postulated clouds. Determine
abundances and isotope ratios of trace (i.e., mixing ratio greater than about 10~ %) and
noble gases as a function of altitude; search for the occurrence of less abundant species.
Table IV lists NMS target species with indication of potential measurement precision.

Instrument: the sensor is a hyperbolic rod quadrupole with 15 cm long rods, 0.5 cm
field radius; a dual filament electron impact ion source with three available electron
energies; and a continuous channel secondary electron multiplier.
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TABLE IV

Neutral mass spectrometer®

— Major gases: Assumed homogenous in atmosphere (N(s)/N(H,) > 10~ H,, He, CH,.
Will generate altitude profiles for these species.
Isotope ratios measurable: D/H, 2He/*He, '3C/!>C.

— Noble gases: From noble gas cell measurements He, Ne, Ar, Kr, XeP.
Isotope ratios measurable: 22Ne/?’Ne, 33Ar/3SAr.
Isotope ratios possibly measurable: 2!Ne/??Ne, 82Kr/**Kr, 3°Kr/%*Kr, 8Kr/3*Kr.

- Gases with concentrations >10~7 at some volumes of the atmosphere traversed
(clouds/aerosols). H,O, NH;, H,S, PH;, HCN, C,H,, C,H,.
Isotope ratios desired: 180/1%0, 1°N/1N, 345368,
Full altitude profiles not expected because of sensitivity limits of NMS.

— Other possible species (produced by photochemical reaction, or concentrated in. the
enrichment cells).
Higher hydrocarbons; SiH,, GeH,, AsH;, HCl, HBr, HI, CO, N,, CO,, CH,S
(C,H;8),, CH,CN, HCN, N,H,, P,H,, etc.
Laboratory calibration accuracy + 5% for mixing ratios of >10~4, +20% for mixing
ratios 10~ * > 10~7. Enrichment cell has potential for detecting mixing ratios of > 10~2
with factor of 2 accuracy.

s

* The precision and accuracy for all measurements in flight becomes a function of the
complexity of the spectrum as well as the sensitivity of the NMS (e.g., CH,~NH,-H,O or
SiH,-PH,-H,S).

® Xe may be detectable in either the rare gas cell or in the enrichment cell effluents.

Parameter summary

— Ambient pressure range 0.1 bar to 20 bar nominal

— Ion source pressure range 10~% to 10~ 1> mbar

— Mass range 1 to 150 AMU

— Scan format Stepping, single or half-mass

0.5 s per mass step
nominal 60 s scan period (2 to 52 AMU)
periodic scans to 150 AMU
— Resolution/cross talk 105 for adjacent half-mass at 20 AMU
- Dynamic range 108

The complete sample inlet system, shown schematically in Figure 7, consists of two
fully self-contained units which operate in a timed sequence as the Probe descends
through the atmosphere. Both units contain a high-pressure flow system whose gas inlet
side is placed near the apex of the Probe, and whose exit ports are placed at the minimum
pressure point inside the Probe. The pressure difference (approximately 6 mb) between
the stagnation point and the low-pressure point causes a flow past the pressure reducing
leaks. The inlet and outlet ports are sealed by metal-ceramic devices and kept under
vacuum prior to entry. They will be opened in a pre-programmed sequence after
atmospheric entry by pyrotechnic actuators. The measurement sequence is illustrated
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Fig. 7. Block diagram of the sample inlet system for the Neutral Mass Spectrometer.

in Figure 8 which shows the time-dependence of the total and ion-source pressures
during Probe descent.

The direct gas inlet system is designed to minimize bias of the gas sampled. The
measurement strategy involves obtaining spectra of the species and observing the
variations in the fragmentation patterns obtained at different electron energies to
increase the detection threshold or accuracy of the measurements.

A small fraction of the gas flowing through the high-pressure flow system is conducted
through pressure-reducing leaks into the ionization region of the ion source. The leaks,
which are arrays of micron-size glass capillaries (typically seven capillaries per leak),
have conductances chosen so that the pressure in the ion source does not exceed
10~ % mb. A pure noble gas sample is prepared by utilization of chemical gettering action
on a trapped atmospheric sample. The enrichment cells are packed with compounds
which absorb trace gases such as H,S, PH; and complex hydrocarbons. The gases
absorbed by the cells are released by a programmed heating cycle during the Probe
descent. During these cycles the cells are isolated from the flow system by microvalves
and connected through separate capillary leaks to the ionization region. The second inlet
system is opened to the atmosphere after the first system has been isolated from the ion
source.

The NMS parameters are shown in Table IV.

3.1.3. Helium Abundance Interferometer (HAD)

PI: U. von Zahn (Bonn), D. M. Hunten (Arizona). Objective: precise (0.1% ) determi-
nation of the relative abunbdance of helium to hydrogen in the well-mixed lower
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Fig. 8. Measurement program of the Neutral Mass Spectrometer.

atmosphere. Detect variations, if any, over the range 2.5 to 10 bars. Employ the results
in Jupiter-related studies (evolution, interior structure, heat balance, thermal radiation
spectrum, light elements at megabar pressures), Solar System-related studies (bulk
composition of Sun, elemental abundances, evolution), cosmology-related studies
(nucleosynthesis, big-bang models of helium).

Concept and approach: He/H, will be derived from an in situ measurement of the
difference in refractive index between a reference gas mixture and the Jupiter
atmosphere. The technique is to pass two parallel coherent light beams through identical
chambers filled with a Jupiter sample gas and a reference gas of known refractive index
maintained at the same pressure. A combiner produces an interference pattern with
fringes that are offset by amounts given by refractive index differences. He/H, is
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calculated directly from the direction and magnitude of the offset. The mixing ratio of
two gases in such a binary mixture is determined uniquely, provided the indices are
different. The Jupiter atmosphere is a good approximation of a binary gas mixture since
other gases are less than 1%, of He. H,O, NH,, CH, are eliminated by a dedicated
absorption cell.

Instrument: the interferometer is a Janin—Mascart two-arm, double pathlength
optical device. It consists of two chambers for the reference and sample gases held at
identical pressure and temperature, beam splitter, combiner, absorption cells, heat
exchangers, reference gas storage volume, pressure balance device, pressure and
temperature sensors. The two redundant light sources are GaAs LED’s operating at
910 nm in a pulsed mode, with an interference filter to produce a narrower bandwidth.
An array of nine photodiode detectors measures movement of interferometer fringes.
The HAD parameter summary is given in Table V.

TABLE V

Helitm abundance interferometer experiment
(HAD)
Parameter summary

— N(He)/N(H,) precision 0.1%, (verified in lab tests)

-~ Source wavelength 900 nm

— Reference gas: 72% Ne + 289, Ar which has same refractive index as 11%, He + 89% H,
— Filter resolution + 7.5 nm

— No. of samples: 15

3.1.4. Nephelometer (NEP)

PI: B. Ragent, D. Colburn, J. B. Pollack (all at Ames Research Center), G. Grams
(Georgia Institute of Technology), J. E. Blamont (CNES, France). Objectives: deter-
mine vertical extent, structure, and microphysical structure of the clouds of Jupiter.
Particle sphericity and absorptivity data will also be derived.

Instrument: the optical unit of the scattering nephelometer contains a forward scatter
subunit (transmitter, reflector, receiving assemblies) arranged at four scattering angles
(5.5 15, 40, 70°) and a backscatter subunit (transmitter, receiving assemblies) for one
angle (177°). Two GaAs solid-state laser diodes operate at a wavelength of 900 nm.
Receiving assemblies are solid-state silicon detectors with pre-amplifiers. The mirrors
are heated to minimize fogging upon descent through the clouds. The entire optical unit
is vented and mounted on an instrument shelf extending out of the Probe radially
through an aperture in the skin. A deployment mechanism centers the scattering volume
more than 10 cm from the Probe exterior after the heat shield is removed. Calibration
targets on the Probe aeroshell are used during cruise and entry phases of mission.
Figure 9 illustrates the expected accuracy and resolution of each NEP channel together
with various cloud particle models and associated scattering probabilities. Table VI
summarizes the NEP parameters.
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3.1.5. Net Flux Radiometer (NFR)

PI: R. W. Boese*, J. B. Pollack, M. Loewenstein (all at Ames Research Center), P. M.
Silvaggio (Lawrence Livermore Labs), L. A. Sromovsky* (Wisconsin). Objectives:
measure the vertical profile of the difference between the upward and downward going
radiation (the net flux) in various spectral regions during Probe descent. Ancillary
studies include understanding the planet’s radiation budget and atmosphere dynamics,
detection of cloud layers and evaluation of their visible and thermal opacity, inference
of cloud condensate species, estimating abundance of several trace species that are
contributors to atmospheric opacity, provision of ‘ground truth’ for certain Orbiter
experiments, e.g., PPR.

Instrument: multichannel radiometer for alternately viewing the upwelling and
downwelling fluxes in 30° cones, +45° from Probe horizontal. Directions not being

* Mr Boese died in December 1985; the new PI will be Dr Sromovsky.
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TABLE VI

Nephelometer experiment
(NEP)
Parameter summary
Measurements averaged over altitude intervals of 0.6 km typically. Dynamic
range of measurement greater than 10* corresponding to visibilities (for Earth-
type aerosol concentrations) of greater than 30 km to less than a few meters.

Minimum sensitivity @ 900 nm

Scattering channel angle (Scattering cross-section)
55 +1.0° 39x107 3 m~tsr?
15° + 1.5° L.1x10-3

40° £ 2.0° 24 x 10~

70° + 2.5° 1.0 x 10~

177 £ 3.0° 35x10°7

Sizing of particles from submicron sizes to greater than 20 pm for particle
concentrations greater than a few per cm?®.

viewed are blocked by a shroud for thermal control. A single type 2A diamond window,
9 mm clear aperture, is heated to prevent condensation. The optical system uses a
beryllium fiat and toroidal focusing mirror. The mirror and condensing cone are coated
with a silver surface protected by MgF,. The detector assembly includes spectral
bandpass filters, a six-element lithium tantalate detector array and hybrid pre-amplifiers.
All elements, from the window through the detector assembly, are rotated on precision
bearings to various positions by a geared stepper motor. Table VII shows the NFR

TABLE VII
NFR spectral bandpasses

Bandpass Nominal spectral Objectives
designation bandpass (microns)
A 3-500 IR heating rate

IR particulate opacity
Cloud location

B 0.3-3.5 Solar heating rate
Solar particulate opacity
Cloud location

C 4.5-5.5 Cloud location
(water vapor abundance)

14-35 Water vapor abundance

E 0.7-3.5 . Methane abundance
Cloud location

F 40-105 Ammonia abundance
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TABLE VIII

Net flux radiometer
(NFR)
Parameter summary

Optics pointing angle +45° from local horizontal

FOV 40° full cone angle.

Instrument data cycle: twenty 6 s integration periods.
Altitude resolution 1.2 to 0.25 km (6 s integration periods).
Dynamic range > 104,

Expected performance:

Channel P (bars) SNR?
A 10 45
B 3 20
C 10 18
D 10 14
E 3 20
F 1.5 30

* SNR higher at lower P levels.
NH, abundance: better than 2 x in range 10 to 0.1 times solar.
H,0 abundance: better than 2 x in range 3 to 0.01 times solar.

spectral bandpasses and their relationships to the scientific objectives. Table VIII is a
parameter summary for the NFR.

3.1.6. Lightning and Radio Emission Detector (LRD)

PI’s: L. J. Lanzerotti (Bell Labs and Florida) and K. Rinnert (Max-Planck Institut fiir
Aecronomie, Lindau); G. Dehmel (Technische Universitit Braunschweig), F. O. Glein
(TUB), E. P. Krider (Arizona), M. A. Uman (Florida).

A second Probe instrument, the Energetic Particles Investigation (EPI), shares the
electronics with the LRD. This experiment is described in a companion paper by the
Galileo Magnetospheres Working Group.

Objectives: verify the existence of Jovian lightning and provide quantitative data on
the Jupiter RF noise spectrum as well as the statistics of the RF pulse amplitudes, widths
and spacing and complete RF waveforms. Determine statistics of RF super-bolt
occurrences and visible optical impulses from nearly all directions. Waveform data will
be acquired with and without optical pulse coincidences according to a priority scheme.
From the RF data deduce number and location of lightning cells, scale-size of cloud
turbulence, evidence for precipitation, atmospheric vertical static stability, large-scale
atmospheric dynamics, and energy content of lightning discharges. Measure inner
Jovian magnetosphere at four pre-entry locations (RF noise levels and Jovian magnetic
field component perpendicular to the Probe spin axis).

Instrument (Figure 10): three basic sensors: one electromagnetic, two optical. The
electromagnetic sensor is a ferrite core antenna, with a linear low-noise pre-amplifier,
mounted perpendicular to the Probe spin axis on the equipment cover under the aft heat
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Fig. 10. The lightning detectors of the LRD experiment.

TABLE IX

Lightning and radio emission detector
(LRD)
Parameter summary

— Lightning detection ~ 10* km

— Frequency range for waveform measurements and RF pulse
statistics ~ 10 Hz to 100 kHz

~ Narrow-band, high-sensitivity frequency measurements centered at ~3, ~ 15, ~90kHz

— Optical pulse statistics

— Superbolt discharge statistics

— Pulse statistics and RF spectra are accumulated for 4 min intervals, as well as one complete
waveform selected by a priority scheme

— Magnetosphere RF frequency measurements ~4, 3, 2, 1 R, altitudes

shield. The optical sensors are two photodiodes behind fisheye lenses which view
perpendicular to the Probe spin axis. The two sensors are mounted 180° apart to give
the 4n steradian field of view. Table IX is a parameter summary for the LRD.

3.2. THE ORBITER

The instantaneous angular fields of view of the atmospheric remote sensing instruments
on the Orbiter are compared in Figure 11 and Table X. The spatial resolution and
measurement periods for the various instrument modes of operation are also given.
More detail appears in the following subsections on each of the Orbiter remote sensing
experiments.

3.2.1. Solid State Imaging System (SSI)

The Scientific Investigators for the SSI experiment are: Michael J. S. Belton (Team
leader, Kitt Peak National Observatory), Clifford D. Anger (Univ. of Calgary, Canada),
Michael H. Carr (U.S. Geological Survey, Palo Alto), Clark R. Chapman (Planetary
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TABLE X

Spatial and temporal resolutions of atmospheric remote sensing instruments on Galileo Orbiter. The
integration time for SSI will be commandable to periods of up to at least tens of seconds. The PPR
integration times are also commandable to periods up to 256 times the nominal integration time

Instrument Instantaneous angular field-of-view Normal measurement period
Exposure times
SS1 Frame size Normal mode Smstols
(800 x 800 elements) 8 x 8 mrad
Time exposure 2 s to tens of s
NIMS IFOV (rectangular) 0.5 x 10 mrad
Spectral scan time: 4.3 s
pixel size 0.5 x 0.5 mrad
PPR IFOV (circular) 2.5 mrad diameter Cycle mode 19s
Photom/polar 13 s
Photometry 8s
Radiometry =8s
Single position 0.233 s (photom/polar)
Integration time 0.467 s (radiometry)
Uvs IFOV (rectangular) 1.75 x 7 mrad Spectral scan time: 4.3 s
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Science Institute), Merton E. Davies (Rand Corporation), Ronald Greeley (Arizona
State Univ.), Richard Greenberg (University of Arizona), James W. Head (Brown
University), Gerhard Neukum (DFVLR, West Germany), Carl B. Pilcher (Univ. of
Hawaii), Joseph Veverka (Cornell Univ.), John B. Wellman (Jet Propulsion
Laboratory).

The following interdisciplinary Scientists are also closely involved with the experi-
ment: Harold Masursky (U.S. Geological Survey, Flagstaff), David Morrison and
Fraser Fanale (Univ. of Hawaii), Peter Gierasch (Cornell Univ.), and Gerald Schubert
(Univ. of California, Los Angeles).

Instrument development is the responsibility of the Imaging Systems Division at the
Jet Propulsion Laboratory. Mr Kenneth Klaasen is the JPL experiment representative
and is responsible for the interface between both the Galileo project and the Imaging
Systems Division at JPL and the Scientific Investigator Team.

The SSI camera-telescope utilizes an optical system similar to the narrow-field
cameras flown on Voyager and Mariner 10. In the telescope system the following
changes were made for Galileo: (1) The anti-reflection and thermal coatings were
changed to allow efficient operation at wavelengths longer than 650 nm. The sensitivity
range is 400 to 1000 nm. (2) A thick quartz plug has been inserted in the optical path
just ahead of the detector to help shield it from magnetospheric radiation. (3) Mechanical
baffling of scattered light in the optical system has been modified so that scattered light
is greatly reduced.

The camera head is a completely new design and features a “Virtual Phase Charge-
coupled Device’, a solid-state detector fabricated by Texas Instruments. The detector
is passively cooled to near 163 K and is protected from magnetospheric particle
radiation by heavy tantalum shields. Shutter and filter mechanisms are similar to those
of previous Mariner class imaging subsystems.

The new detector yields an overall factor of about 100 increase in sensitivity and
allows efficient operation at wavelengths between 650 and 1000 nm that were
inaccessible to early planetary imaging systems. This extension of spectral range is
important for imaging science objectives at Jupiter. Imaging at wavelengths Jess than
400 nm is not possible with this system.

The objectives of the SSI experiment for investigation of Jupiter’s atmosphere are:

(a) Atmospheric energetics. Separation of atmospheric mass motions from wave
motions at global scales. Identification of wave propagation modes and the levels at
which they exist. Characterization of atmospheric flow, clouds, wave fields, and the
occurrence of lightning.

(b) Asmospheric structure. Vertical structure of a few specific types of atmospheric
features by center to limb, multispectral imaging. Characterization of the relationship
between vertical cloud structure, color, and morphology.

(c) Atmospheric motions. Measurement of the mean vertical wind profile through
relative cloud motions. This is to be done at the boundary of major belts and zones,
in the region of Probe descent and for several specific atmospheric features (provides
information on horizontal drives for motions).
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(d) Radiative properties of the atmosphere. Measure the scattering properties of
individual features at several wavelengths and a wide range of phase angles as a
contribution to the determination of local energy balance.

(e) Magnetospheric interactions. Map and characterize auroral phenomena in the
Jovian atmosphere and correlate it with simultaneous particle and field observations.

Table XI summarizes the SSI instrumental characteristics. The SSI will be mounted
on the scan platform bore-sighted with the NIMS, PPR, and UVS instruments. Control

TABLE XI

Performance parameters and physical characteristics of SSI

Parameter Value

Angular resolution 10.16 pr/pixel
Shortest exposure 4.16 ms

Longest exposure 512s

Active CCD area 12.19 x 12.19 mm
Active lines per frame 800

Active pixels per line 800

CCD full well capacity
Dark current
Bits/picture element

Readout noise per pixel
Number of filters

1 x 10° electrons
<10 elec/s/pixel

8 raw

3.24 compressed
~30 electrons r.m.s.

8

Gain states 4 (1, 4, 10, 40)

Mass 28 kg

Average power 17W

Peak power 23 W

Dimensions L: 90 cm
W:25 cm
H:30 cm

of the SSI itself includes commandable selection of spectral filter, exposure duration,
gain state, image readout rate, data compression, and microcomputer configuration
control. Figure 12 shows the seven filter band-passes (there is an eighth clear position)
and Figure 13 illustrates the camera-telescope system.

3.2.2. Near-Infrared Mapping Spectrometer (NIMS)

The investigators for the NIMS experiment are R. Carlson (Principal Investigator, Jet
Propulsion Laboratory), G. E. Danielson (Calif. Inst. Tech.), T. Encrenaz (Obs. de
Paris), F. P. Fanale (Univ. of Hawaii), T. V. Johnson (Jet Propulsion Lab.), H. Kieffer,
(U.S. Geological Survey), J. S. Lewis (Univ. of Arizona), H. Masursky (USGS), D. L.
Matson (Jet Propulsion Lab.), T. B. McCord (Univ. of Hawaii), L. A. Soderblom
(USGS), and F. W. Taylor (Univ. of Oxford).

The NIMS experiment uses a grating spectrometer to measure radiances between 0.7
and 5.2 pm with a spectral resolution of 0.025 pm. Images are formed using a line-scan
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technique. The field of view consists of a line of 20 contiguous 0.5 x 0.5 mrad samples,
which will be scanned across the target by means of the spacecraft and scan platform
motion. '

The NIMS atmospheric science measurements are:

(1) Global distributions and time variability of some minor atmospheric constituents.

(2) Atmospheric temperature in the range from about 1 bar down to the first opaque
cloud layer.

(3) Cloud coverage and layering.
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TABLE XII

NIMS instrumental characteristics

Parameter Characteristic

Angular resolution 0.5 mrad x 0.5 mrad

Angular- field 10 mrad (20 pixels) X 0.5 mrad (1 pixel)

Spectral range 0.7-53p

Spectral resolution 0.6%; 44 =0.025p (A>1p); 0.013 p (A< 1p).

Spectral scan time 4% seconds (20 pixels, 204 wavelengths).

Telescope 23 cm (9”) diameter f/3.5 Ritchey—Chrétien, Wobbling
secondary for spatial scan, 800 mm equivalent focal
length.

Etendue (A£) 1.1 x 10~* cm? sterad.

Spectrometer 40 lines/mm plane-grating spectrometer,

F/3.5 Dall-Kirkham collimator f = 400 mm,

F/1.75 wide-angle flat-field camera f = 200 mm.
Detectors InSb(15), Si(2), discrete elements, Quantum

efficiency = 80-809, Noise Equivalent

Power = 10'* Watts,

D* =3 x 10'* cm /Hz Watt~!. Radiatively cooled to

80° K.

Noise equiv. radiance 12 x10~° W cm~2 sterad ~ ! per spectral resolution
element (0.025 n) at 3 p.

Signal-to-noise ~100:1 (0.075 albedo surface at 3 p)

Mass 18.0 kg

Power 8 W (average) 12 W (peak)

External dimensions 82.6 x 36.8 x 39.1 cm (optics), 20.3 x 254 x 12.7 cm
(electronics).

Data rate 11.52 kbps

Date encoding 10 bits

(4) Scattering characteristics of the clouds as a function of solar phase angle and
wavelength, and inferences regarding their physical properties and composition.

(5) Imaging of Jupiter at selected infrared wavelengths (e.g., in the 5 pm ‘window’),
day and night side.

The NIMS instrument characteristics are summarized in Table XII. The instrument
(Figure 14) consists of an f/3.5 Cassegrain reflector telescope with 800 mm focal length,
a grating spectrometer, and a series of detectors in the focal plane. The linear array of
detectors has 15 indium antimonide and 2 silicon photodiodes each of which samples
a specific wavelength interval, depending on the order and rotation angle of the grating.
Optical filters are used to isolate individual orders. The focal plane assembly is
radiatively cooled to 75-80 K.

3.2.3. Photopolarimeter Radiometer (PPR)

The investigators for the PPR experiment, at the Goddard Institute for Space Studies
unless indicated otherwise, are J. E. Hansen (Principal Investigator), M. D. Allison, A.
D. Del Genio, A. A. Lacis, G. S. Orton (Jet Propulsion Laboratory), W. B. Rossow,
P. H. Stone (Massachusetts Institute of Technology), L. D. Travis, Y. L. Yung (Calif.
Inst. of Tech.), and D. Morrison (Univ. of Hawaii).
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The PPR atmospheric science measurements will be (1) global and regional radiation
budget (total solar and total thermal fluxes, and vertical distribution of solar heating),
(2) temperature profiles (100-500 mb), and (3) cloud and haze properties (vertical and
horizontal distribution and microstructure).

Principal applications of the data will be (1) interpretation and extension of Probe
data, for example by placing the radiation, temperature, and cloud particle measure-
ments of the Probe in a global context and by providing boundary conditions above
100 mb where the Probe does not operate, (2) interpretation of the Galileo images of
Jupiter by providing information on the atmospheric pressure levels of observed
features, as well as cloud and haze properties, temperature profiles and the radiation
budget for selected regions, and (3) global Jupiter investigations as discussed in
Section 2, particularly those related to the energetics of the general circulation and
climate of Jupiter’s atmosphere, the magnitude and latitudinal variation of the internal
energy source, the physical nature and variability (temporal and spatial) of the cloud and
aerosol layers, and the interactions and feedbacks of the clouds and aerosols with the
general circulation and climate.

The PPR uses a 10-cm diameter Cassegrain telescope (Figure 15) bore-sighted with
the UVS, NIMS, and SSIinstruments on the scan platform. The 32-position filter wheel
(Figure 16) permits photometric, polarimetric, and radiometric measurements (radiation
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budget and the flux in filtered thermal bands) in series. A 2.5 m fixed circular field stop
in front of the filter wheel defines the field-of-view. A resonant reflective chopper
provides alternate viewing of the scene and space. Calibration, in addition to the space
view port, is provided by internal and external inflight calibrator lamps and by external

photometric and radiometric calibration targets which can also be viewed by NIMS,
SSI, and UVS.

The spectral locations of the PPR photometry and polarimetry channels are shown
in Figure 17 and the approximate locations of the filtered thermal bands in Figure 18.
The instrument parameter summary is given in Table XIII. The PPR can operate in any

TABLE XIII

PPR instrumental characteristics

Field of view 2.5 mrad (circular)

Detectors Polarimetry and photometry: silicon photodiode
Radiometry: Lithium tantalate pyroelectric

Spectral bands Polarimetry: 410, 678, and 945 nm

Photometry: 618, 633, 646, 789, 830, 841, and 892 nm
Radiometry: 17, 21, 28, and 36 pm; A = 42 pm;
Solar (A < 4 pm); Solar plus thermal (no filter)

Telescopes 10 cm diameter f/5 Cassegrain for scene view;
plane mirror space view

Mass 5.0 kg

Power 4.5 W (average); 9 W (peak)

Size 45 x 19 x 33 cm

Data rate 216 bps
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of several modes: (1) cycle mode (all 32 filter wheel positions consecutively), (2)
polarimetry plus photometry, (3) photometry, (4) radiometry, and (5) position select
(any one of 32 positions).

3.2.4. Ultraviolet Spectrometer (UVS)

The investigators for the UVS experiment, all at the University of Colorado unless
indicated otherwise, are: C. W. Hord (Principal Investigator), C. A. Barth, G. E.
Thomas, A. I. Stewart, and A. L. Lane (Jet Propulsion Laboratory).

The UVS experiment uses an Ebert—Fastie spectrometer to measure radiance in the
115-430 nm range with a resolution of approximately 1 nm. The UVS rectangular
(1.85 x 7 mrad) field of view in the preferred observational mode will be oriented
parallel to the planetary limb and scanned across (and off) the disk from limb-to-limb.
Observations of both the day side and night side of Jupiter are intended.

The principal objectives of the UVS experiment for investigation of Jupiter’s
atmosphere are:

(a) Stratospheric composition. The spatial distribution and temporal variability of
NH,;, hydrocarbons and other UV-active molecules will be studied. There will be a
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search for regions where complex molecules are being formed, e.g., by photodissociation
by UV sunlight or charged-particle bombardment, with special attention to certain
locations on the planet, such as the polar regions and the Great Red Spot.

(b) Upper atmospheric atomic and molecular hydrogen. The abundance of H and H,
above the homopause will be determined, and the temporal and spatial variations of the
H, abundance (or, effectively, variations in the homopause pressure level) will be sought.

(¢) Auroral phenomena. Ultraviolet emissions from the dark side of the planet will be
measured. It is expected that the helium abundance can be determined at the level of
charged particle penetration. It is also expected that a morphological description of the
coupling of Jupiter’s magnetosphere with the atmosphere can be obtained.

(d) Cloud and haze structure. Vertical optical depth unity for Rayleigh scattering from
H, + He occurs in the 130-770 mbar region for the spectral range 200-300 nm.
Continuum spectral reflectivity measurements across the disk in the near-UV will
provide constraints on the vertical and horizontal distribution of chromophores in the
upper troposphere and stratosphere.

(e) Satellites. Bright and dark limb scans will be used to measure and set upper limits
on escape rates of volatiles from satellite surfaces. Electron impact and/or solar
excitation of atoms such as hydrogen and oxygen will provide a sensitivity of 10 to 10000
atoms cm ~ ? depending on the species.

The areal distribution of absorbers such as sulfur dioxide will be mapped on the
satellite surfaces.

The UVS instrument (Table XIV) consists of a telescope-spectrometer with three
detectors. The Cassegrain telescope has a 5 cm primary mirror and a 250 mm focal
length. The spectrometer grating has 2400 lines per mm and may be used in a fixed
position or moved continuously to cover the spectral range. The spectrometer has three
exit slits with the dispersed light from each imaged on a detector. The three detectors
have three separate photocathode surfaces which give three independent spectral
channels. The short wavelength (WG) channel has an 0.1 x 1.4° field of view, ~0.7 nm
resolution (FWHM), and measures the radiance between 115 and 180 nm diffracted in

TABLE XIV
UVS instrumental characteristics

Parameter Characteristic
Mass 4.2 kg
Power 4.2 watts
Dimensions 16 x 6 x 6 in. (L x W x H)
Data rate 1008 bps
Spectral resolution 7 A, 1150 to 1800 A: 2nd order
13 A, 1600 to 4300 A; 1st order
Spectral range 1150 to 4300 A
Fields of view 0.1° x 1.4°, 1150-1800 A and 2800-4300 A

0.1° x 0.4°, 1600 — 3000 A
Spectral scan time 43s
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second order. At 130 nm the sensitivity is ~ 500 counts per second per kiloRayleigh
[1 Rayleigh = 10° photons cm 2 s~ ! (47 sterad) ~']. The second (F) channel has a
0.1 x 0.4° field of view, ~ 1.3 nm resolution, and measures the radiance from 280 to
430 nm in first order. The observations of Jupiter will be made primarily with the G-
and F-detectors. The electronics concept for the instrument is similar to that of the
Pioneer Venus UV spectrometer (Colin and Hunten, 1977). A command capability
allows flexibility in grating position and accumulation times for the different channels.

3.3. RADIO SCIENCE INVESTIGATIONS

The Galileo radio telecommunication system provides the opportunity for several
science investigations. The Radio Science (RS) investigations will be carried out by two
teams: the Celestial Mechanics and Relativity team composed of J. Anderson (team
leader) and Frank Estabrook, and the Radio Propagation team composed of H. T.
Howard (team leader, Stanford), V. Eshleman (Stanford), A. Kliore, G. Lindal, and R.
Woo. All are at the Jet Propulsion Laboratory unless indicated otherwise.

Investigators will use the signals transmitted between the Earth and the orbiter and
between the Probe and the Orbiter to carry out their investigations. Earth—Orbiter
communications will use an S-band (2115 MHz) uplink (Earth-spacecraft) and
transponder to generate a coherent S—X band (2297 and 8422 MHz) downlink, using
an Earth-oriented 5 m dish antenna. Frequency stability is ~ 1 part in 10''. Probe-to-
Orbiter transmission will be at a frequency of 1387 MHz, to a wide-band receiver and
body-fixed 1 m dish antenna.

Atmospheric investigations using radio techniques are:

S—X band occultations (Eshleman, Kliore, Lindal). Measure pressure, temperature,
and absorptivity profiles of the troposphere and lower stratosphere. Measure electron
density profiles in the ionosphere.

Scintillations (Woo, Eshleman). Deduce (1) turbulence in the lower atmosphere; (2)
electron density irregularities, magnetic field direction, and winds in the ionosphere.

Probe—Orbiter doppler shifts (Kliore; also Interdisciplinary Scientists Pollack,
Gierasch). Use the horizontal component of Probe motion to deduce zonal wind speeds
from 100 mb to 10-20 bars. Accurately locate the Probe entry site.

S-band Faraday rotation (Howard). Measure magnetic fields near the cloud tops and
up into the magnetosphere.

3.4. INTERDISCIPLINARY SCIENTIST INVESTIGATIONS

Nine of the Interdisciplinary Scientists chosen to participate in the Galileo mission will
perform investigations pertinent to the Jovian atmosphere: P.J. Gierasch (Cornell),
D. M. Hunten (Arizona), A. P. Ingersoll (CIT), M. B. McElroy (Harvard), G. S. Orton
(JPL), T. C. Owen (SUNY), J. B. Pollack (ARC), C. Sagan (Cornell), and G. Schubert
(UCLA). Their intended investigations can be summarized in the following categories:

Dynamics (Gierasch, Ingersoll, Pollack, Schubert). Nature of, and driving forces for,
the visible circulation and its extension to the greatest possible depth. Evolution of the
planet since its formation.
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Composition (Hunten, McElroy, Owen, Sagan). Basic analysis of components present.
Interpretation of non-equilibrium compounds in terms of photochemistry, transport
from other parts of the atmosphere, and lightning. Cosmological and cosmogenical
implications. Organic compounds and cloud coloration.

Structure, thermal radiation (Orton, Pollack, Hunten). Establishment of the basic
temperature profile and interpretation of its deviations from simple models. Heat flow
and its implications. Cloud and haze layers.

Satellite Atmospheres (McElroy, Hunten). Existence, compositions, sources, sinks,
and energy balance.
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